being methyltrimethoxysilane (MTMOS) and tetra-ethoxysilane (TEOS) the more used because of their consolidation effect on stones and its commercial availability. A condensation reaction occurs inside stone voids to give a silicone polymer, after a hydrolysis reaction responsible to form silanols. Silanes in stone consolidation were used from the late 19th century to the beginning of the 21st century. Better results were obtained in sandstone treatments with ethyl silicate applications than on other stones.
The most suitable treatment procedures should be selected according to each stone, its dimensions, shape, and weathering grade, with the goal being the impregnation front to reach deeply into the sound stone allowing time enough for the evaporation of the solvents. The main application methods of the consolidating products on stone surfaces are the following: brushing and spraying, capillarity, immersion, and immersion under vacuum.
If immersion is set aside, all other methods can be applied on all building elements. Immersion is more appropriate to carry out treatments on removed single blocks or elements of stone art as sculptures. A better consolidation effect can be obtained by brushing and, in particular, spraying the stone's surface, because it is followed by a suitable polyethylene cover that allows impregnation and continuous longer action. The capillarity method involves a reservoir with the consolidating product connected to a cotton poultice on the stone surface, also with a polyethylene cover to avoid evaporation of the solvent as long as impregnation occurs.
The new approach method of application used in this study is based in a Karsten pipe and it is a variation of RILEM's water absorption under low-pressure test procedure [9] . The Karsten pipe is a glass tube fixed on the stone-wall surface with a removable and not harmful putty. The vertical pipe is filled with consolidating product instead of water, through the upper opening of the tube upward to the top graduation. The full pipe has 4 cm 3 of volume and a total height of 0.098 m between the center of the application and the upper graduation, corresponding to a pressure of 0.098ρ and being ρ the unit weight of the product. The product level in the pipe should be kept constant by adding continuously this product to maintain the pressure on the stone surface.
Scientific conservation plays a major role in a sustainable cultural heritage preservation. Suitable conservation actions optimize the environmental value of the cultural resources in a long-term point of view and have an important contribution to the creation of a sustainable habitat.
EXPERIMENTAL

MINERALOGICAL CHARACTERIZATION
There are four varieties of sandstones found in monuments [2, 7] and they are classified as lithic arkose with carbonate cement [10] . The A and B varieties have about 34%-40% carbonates and 30%-32% quartz. The C and M varieties have around 20%-25% carbonates and 40%-51% quartz. In this chapter only the results of C and M varieties are shown because these varieties exhibit values of physical properties representative of the more weathered sandstones in monuments.
All these varieties have about 4%-6% of mica minerals. The average size of grains of quartz and feldspar in the A and B varieties ranges from 0.1 to 0.13 mm, and in C and M varieties the average size ranges between 0.15 and 0.24 mm. C and M sandstones are medium to fine grained, whereas A and B sandstones are generally fine-grained.
PREPARATION OF SPECIMENS
The samples were extracted from stone masonry walls close to the built heritage, accounting their similarity in terms of appearance, mineralogical composition, texture, and structure, to the stone in the monuments.
Prismatic and cubic specimens with 50 × 50 mm 2 of cross section corresponding to a height-to-length ratio of 2:1, respectively, were randomly cut in sandstones of C and M varieties.
CONSOLIDATING PRODUCTS AND THEIR APPLICATIONS
These studies of conservation intervention encompasses the treatment of stones and were carried out in a laboratory environment and in the monument to evaluate the viability of two ethyl silicate consolidation applications on stones. TG and R were selected in this experimental work because of their commercial availability and reasonable costs.
The manufacturer X produces TG in a single component. This product has 0.95 ± 0.02 g/cm 3 at 25°C and after the evaporation of the solvents at 20°C and 60% of RH a dry residue of 34% is allowed to form.
R is manufactured by Y in a single component that reports a unit weight of 0.83 ± 0.02 g/cm 3 . A dry residue of 17% is allowed to form after the evaporation of the solvents at 20°C and 60% of RH.
The consolidation procedures were followed on 5 cm-long cubic samples. The products were applied step by step by immersion and capillarity procedures over all stone mass, according to Ludovico-Marques [2] . The amounts of absorbed products were around 3% of mass content in C variety and 5% in variety M sandstones. Then, the samples were placed at room temperature and RH of Geotechnics Laboratory in Civil Engineering Department of Universidade Nova de Lisboa for the drying process. A dry residue of about 40% of TG and 25% of R remained in the sandstone samples after evaporation of the solvents during 8 weeks. The capillarity procedure was followed on specimens used to carry out drying tests. Capillarity height reached 2.5 cm and the amounts of absorbed products were around 1% of mass content on variety C and circa 3% of mass content on variety M. R was applied by Karsten pipe method on sandstone block at right side of south portal below the vault and was absorbed an amount of 2.5 g, that is, 1.1 kg/m 2 per application.
PHYSICAL TESTS
Physical tests were carried out to determine porosity and density on sandstone samples following the recommendations of RILEM [9] and EN 1936 [11] . These four varieties samples exhibit similar values of porosity of the historical building stones, ranging from 3.6% (variety A) to 12.7% (variety C) and 18.5% (variety M).
Ludovico-Marques [2] presented the pore size distribution of sandstone varieties C and M obtained by mercury intrusion porosimetry. Microporosity settled as the percentage of pores radii lower than 7.5 µm [12] , is 85%-95% in variety C and 75%-81% in variety M.
Drying tests were carried out on sandstone cubic samples of varieties C and M before and after treatments, following the recommendations of NORMAL 29/88 and RILEM [9, 13] in a laboratory environment of 20 ± 2°C and 55 ± 10% of RH. Drying was only allowed on the top face of specimens because the other faces were sealed with an epoxy resin impermeable to water.
Drying index (DI) of NORMAL 29/88 [13] characterizes the drying behavior from experimental curves of time dependent of the water content (f(Q i )) as a percentage of the dry mass at the ending time of drying (t f ). Being the initial water content (Q max ) and the initial time (t 0 ), the drying index (DI) is given through the following equation:
Water absorption under low-pressure test procedure [9] was carried out on prismatic and cubic sandstone samples. A removable and nonharmful putty fixes the Karsten tube on the specimen surface. The vertical tube is filled with water through the top opening of the pipe up to the top graduation "0." The tube has a total measuring height of 0.098 m and the volume of 4 cm 3 . The measurement apparatus for vertical surfaces was used in tests performed on sandstone masonry of South portal ( Fig. 12. 2). The results in this study are represented in the form of a water absorption graph (mass of water per unit area of absorption) in function of the square root of time. The slope of the linear part of the test curve gives the water absorption coefficient.
MECHANICAL TESTS
The uniaxial compression tests on the sandstones used a Seidner servo-controlled press, model 3000D, with load capacity up to 3000 kN and a piston stroke of 50 mm [2] . The tests were carried out under axial displacement control at a rate of 10 µm/s on cubic specimens of varieties C and M.
The Drilling Resistance Test Measurement System (DRTMS) herein used belongs to the Laboratory of Stone of Conservation and Restoration Department at Universidade Nova de Lisboa and was produced by Sint Technology, Srl. The DRTMS is a portable micro drilling device that measures the drilling strength using a load cell on a drill bit with 5 mm in diameter and a triangular tip. Diaber tungsten drill bits used allow a maximum drill hole depth up to 25 mm. An advancing rate of 20 mm/min and a speed rotation of 200 rpm were the drilling parameters adopted according to Ludovico-Marques [2] . The tests were performed on sandstone samples and on a block of South façade of St. Leonardo's church in the right side below the vault, before and after consolidation treatments (Fig. 12.3 ).
Drill holes with 25 mm of depth were carried out on opposite faces of M sandstone samples in order to check full impregnation depth of consolidation treatments with R and TG products, from top faces into down faces and from down faces upward top faces.
DURABILITY ASSESSMENT TESTS
Crystallization tests by total immersion were carried out following RILEM V.1a, b, V.2 [9] and NP EN 12370 [14] , replacing sodium sulfate solutions by sodium chloride solutions. These standard experimental procedures indicate total immersion of stone samples in 10%-14% salt solution for 2 h at room temperature at about 20°C. After immersion the test cubes should be removed from the solution and dried in an oven for at least 16 h until they reached constant weight at about 60°C and then cooled to room temperature again, at about 20°C.
Salt-crystallization-dissolution aging tests were carried out in an automatic aging chamber prototype, developed from a modified oven. The prototype control system once programmed allows automatic immersion of the cubic stone samples in several trays. After some time of immersion, salt solutions return to bottom reservoirs. Then the oven reaches 60 ± 2°C for several hours and stops at the scheduled time. After this step cooling begins at 20 ± 2°C for the desired time. This aging chamber develops salt-crystallization cycles inside stone pores by heating and salt dissolution after cooling by immersion with salt solutions. Each tray can contain 30 cubic samples with 5 cm length over a designed support in the bottom.
The prototype control system was programmed to carry out 60 cycles of 2 h of samples immersion in a sodium chloride solution at 10% (W/W), 20 h of heating (salt crystallization), and 2 h of cooling.
The stone samples after the aging cycles were washed with deionized waters until salt-removing waters reached a concentration of about 1 ppm of ions in an hour. After this, the stone samples were dried in an oven at 60°C and then kept in a dessicator vessel at 20°C.
RILEM's water absorption under low-pressure tests were also carried out on the sandstone cubic samples of varieties C and M before and after salt crystallizationdissolution aging tests, following the recommendations of RILEM [9] . Damage assessment by weighing the remaining mass of stone samples during aging tests to obtain mass loss in percentage was done by recommendations of RILEM V.1a, b, V.2 [9] and EN 12370 [14] standards.
The uniaxial compression tests were also carried out on sandstone samples before and after salt-crystallization artificial aging tests. 
ANALYSIS OF THE RESULTS
PHYSICAL BEHAVIOR
Before (empty smaller dots) and after treatments (full larger dots).
The consolidation effect on water absorption under low-pressure curves is highlighted in Fig. 12 Table 12 .4 revealed a minor increase in average drying index (DI) values after the treatments of, respectively, 20% on TG and 10% on R. A minor increment of DI values is not representative of a harmful behavior of consolidation effect. A faster physical mechanism of drying is indicated by lower values of DI.
The consolidation effect on water absorption under low-pressure curves is highlighted in Fig. 12.9 . Table 12 .5 illustrates the decreasing of the coefficient of absorption between mean values of 24.0 kg/m 2 /√h on nontreated specimens and, respectively, 12.6 kg/m 2 /√h on TG and 20.9 kg/m 2 /√h on R, that is, a reduction of circa 48% in the former and 13% in the latter. Obtained on C sandstone specimens and on monument block (T3 test).
FIGURE 12.6 Water absorption under low-pressure (pipe method) curves.
Obtained on C sandstone specimens before (empty smaller dots) and after (full larger dots) treatments.
FIGURE 12.7 Drying tests on cubic specimens of M variety.
Before (empty smaller dots) and after treatments with TG (full larger dots).
FIGURE 12.8 Drying tests on cubic specimens of M variety.
Before (empty smaller dots) and after treatments with R (full larger dots). Obtained on M sandstone specimens before (empty smaller dots) and after (full larger dots) treatments. 
MECHANICAL BEHAVIOR
The monotonic uniaxial compressive strength (σ c ) values before consolidation treatments and after applications with TG and R on C variety of sandstone specimens indicate a clear increment of about 26% on TG and 10% on R treatments (Table 12 .6).
The comparison between the monotonic uniaxial compressive strength (σ c ) values of treated and nontreated specimens of sandstone M variety show an increase of about 56% on TG and around 16%-22% on R treatments.
The average values of drilling strength on C sandstone are about 1.3 MPa. They increased from 0.5 MPa on M sandstone to 0.6 MPa on R applications and to 0.7 MPa on TG applications. The drilling depth reached at least 15 mm, length enough to obtain average strength values.
DURABILITY ASSESSMENT TESTS
Salt-weathering research was responsible for the production of 1800 articles up to the beginning of the 21st century [4] . Nowadays, this research is ongoing on nontreated natural stones [15] [16] [17] [18] [19] [20] [21] [22] and on bricks [23] . Chen et al. [17] and Ruffolo et al. [22] studied also salt weathering effect on treated stones with consolidating products.
In the present chapter, Fig. 12 .10 shows the percentage of sandstone's variation of mass loss ratio under salt crystallization artificial aging tests on treated and not treated M sandstone variety. After 60 salt cycles, the average mass loss of nontreated sandstone samples was about 8%.
After 30 salt cycles the average mass loss of sandstone samples with consolidation applications have a reduction of 50% from an average value of 3% on nontreated specimens to about 1.5% of treated specimens. After 60 salt cycles the variation of mass loss ratio is higher on treated specimens with TG than on nontreated specimens, ranging between circa 3% and 15% with an average value of circa 9%. After 70 salt cycles on treated specimens with R the variation of mass loss ratio is less than on nontreated specimens, around a mean value of 3%. The water absorption under low-pressure curves of M specimens under salt-crystallization artificial aging is shown in Fig. 12.11 . After 30 salt cycles on nontreated samples the average values of coefficient of absorption are similar to R specimens after 70 salt cycles, that is, 22 kg/m 2 /√h. An average value of coefficient of absorption on TG specimens after 30 salt cycles is about 13 kg/m 2 /√h, that is, a decrease of about 40% in comparison to nontreated specimens after the same number of salt cycles.
The compressive strength of nontreated M specimens decreased about 56% during 60 cycles of accelerated salt crystallization and TG treated specimens have an average reduction of circa 75%, whereas sandstone specimens treated with R have a minor reduction of about 18% at the 70th cycle in comparison to the initial values of nontreated specimens (Fig. 12.12) .
The regression equations in Fig. 12 .12 allow extrapolation of data for more than 60 or even 120 cycles, being predictive of the compressive behavior of sandstone specimens before and after treatments with consolidating products.
The compressive strength data of nontreated specimens in Fig. 12 .12, when it is extrapolated for more than 100 cycles decreased to about 30% of the initial values. At the 115th cycle, the compressive strength should be less than 30% of its value before salt aging, being higher than its value on R treated specimens that is null.
The results of drilling strength average values obtained on a monumental block with a porosity value similar to M variety are given in Fig. 12 .13. It shows a decrease from 1.1 to 0.8 MPa, circa 27% and is due to salt-crystallization natural aging. The weathering thickness is about 8 mm under the surface of the block. Obtained without tip wear on a monument block with 16% of porosity; shows the difference between sound and weathered stone. Obtained without tip wear on monument block before (mean profile of IGIV 1, IGIV 2, IGIV 3) and after consolidation treatments with R (R2).
CONCLUSIONS
A Karsten pipe using total head to allow full absorption of consolidating products on sandstone facades was used in conservation treatments.
On C and M sandstone specimens, two ethyl silicates (TG and R) were applied. The experimental study of physical and mechanical behavior in the laboratory revealed minor harmful characteristics of the R applications on M variety of sandstones, in comparison with C variety, and a better consolidation effect of TG on both varieties.
The salt-crystallization artificial aging tests highlighted good durability of R applications and a worst behavior of TG treatments. M sandstone specimens treated with R have a minor reduction of compressive strength of about 18% in comparison to the initial values of nontreated specimens at the end of salt-crystallizationdissolution artificial aging tests, whereas TG applications showed lower values in comparison with nontreated weathered specimens.
The regression equations allowed extrapolation data for more than 60 experimental aging cycles carried out, predictive of the compressive behavior of M sandstone specimens before and after treatments with consolidating products. The good durability effect of R applications disappeared at the prediction of the 115th cycle. Its average compressive strength should be null and so, less than 30% of the value of nontreated specimens before salt aging. The prediction indicates that at the end of the aging procedure, the remaining strength of the nontreated specimens is higher than of the treated specimens. However, this remaining strength of the nontreated specimens is not enough to assure mechanical stability. Obtained without tip wear on monument block before (mean profile of IGIV 1, IGIV 2, IGIV 3) and after consolidation treatments with R (R1).
In spite of R lower consolidation effect on sandstone C and M varieties in comparison with TG, the less harmful effect and better salt crystallization-dissolution artificial aging behavior of the former in the laboratory allowed its selection as the more suitable treatment to apply on the monument's sandstone varieties.
The consolidation effect assessed by drilling strength values obtained on sandstone C variety of masonry's monument showed an increase of more than 40% after R ethyl silicate applications and an impregnation thickness higher than 15 mm.
The comparison between immersion-based procedure applications and the Karsten pipe's method on stone monuments indicates the potential viability of this new approach to obtain a good consolidation effect when difficult conditions of absorption occur.
